Recessive mutation in FAM83G associated with palmoplantar keratoderma and exuberant scalp hair. by Maruthappu,  Thiviyani et al.
Durham Research Online
Deposited in DRO:
09 April 2018
Version of attached ﬁle:
Published Version
Peer-review status of attached ﬁle:
Peer-reviewed
Citation for published item:
Maruthappu, Thiviyani and McGinty, Lisa A. and Blaydon, Diana C. and Fell, Benjamin and Maatta, Arto
and Duit, Rebecca and Hawkins, Tim and Braun, Kristin M. and Simpson, Michael A. and O'Toole, Edel A.
and Kelsell, David P. (2018) 'Recessive mutation in FAM83G associated with palmoplantar keratoderma and
exuberant scalp hair.', Journal of investigative dermatology., 138 (4). pp. 984-987.
Further information on publisher's website:
https://doi.org/10.1016/j.jid.2017.10.031
Publisher's copyright statement:
c© 2017 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
Recessive Mutation in FAM83G Associated
with Palmoplantar Keratoderma and
Exuberant Scalp Hair
Journal of Investigative Dermatology (2018) 138, 984e987; doi:10.1016/j.jid.2017.10.031
TO THE EDITOR
Palmoplantar keratodermas are a het-
erogeneous group of disorders charac-
terized by abnormal thickening of the
volar epidermis (Blaydon and Kelsell,
2014; Maruthappu et al., 2014). A sub-
set of palmoplantar keratodermas are
associated with syndromes linked to
other cutaneous features (Betz et al.,
2012) and also noncutaneous condi-
tions such as hearing loss, cardiomyop-
athy, and esophageal cancer (Blaydon
et al., 2012; Kelsell et al., 2001). Pal-
moplantar keratodermas specifically
associated with defects in hair develop-
ment include the desmosomal disorders
linked to phenotypes such aswoolly hair
and alopecia (Brooke et al., 2012).
Two adult siblings from a consan-
guineous family of Pakistani origin,
whose parents were first cousins, pre-
sented with an autosomal recessively
inherited palmoplantar keratoderma,
leukonychia, and exuberant curly scalp
hair (Figure 1a). Both affected in-
dividuals described the progressive
development of yellowish thickened
scaly skin affecting the palms and soles
since 2 years of age, and toenail dystro-
phy in their teenage years. Examination
revealed marked diffuse, verrucous hy-
perkeratosis with deep fissuring
affecting the soles (Figure 1a) and to a
lesser extent, the palms. There was no
evidence of transgradiens. The toenails
were dystrophic with onycholysis and
leukonychia was also present, most
evident in the finger nails. Onychomy-
cosis was excluded by negative fungal
culture. No abnormalities of teeth or
sweating were identified. The siblings
also described having extremely thick,
rapidly growing curly scalp hair since
childhood, but without excessive hair
growth elsewhere. Neither parent had a
similar hair or skin phenotype, and they
had no other offspring. Clinical photo-
graphs were obtained, and written con-
sent was provided by patients for their
publication. Blood samples were
collected after written informed consent
in adherence with the Declaration of
Helsinki principles and approval of the
East London and City Health Authority.
Whole-exome capture from both sib-
lings was performed using SeqCap EZ
Human Exome Library v2.0 (Roche
NimbleGen, Madison, WI) and
sequenced with 100-bp paired-end
reads on the HiSeq 2000 platform (Illu-
mina, San Diego, CA). Resulting reads
were mapped to the hg18 human refer-
ence genome using the Novoalign
alignment tool (Novocraft Technologies
Sdn Bhd, Selangor, Malaysia). Sequence
variants were called with SAMtools and
annotatedwith ANNOVAR (Wang et al.,
2010).
Given the history of parental relat-
edness, the variants were filtered for
homozygous changes shared by the two
affected individuals, of which 83 ho-
mozygous variants reported either as
novel or with an Exome Variant Server
(EVS) (NHLBI GO Exome Sequencing
Project, Seattle, WA) estimated fre-
quency of less than 0.01 were selected
as potential candidates. These candi-
dates included a homozygous C to A
transversion, c.C101A, in exon 2 of
FAM83G (NM_001039999), a gene
reported to be mutated in hereditary
footpad hyperkeratosis in Kromfohr-
la¨nder and Irish terrier dog breeds,
which presents with fissuring hyperker-
atosis of the paws and a bushy coat
(Drogemuller et al., 2014; Sayyab et al.,
2016). Furthermore, the bushy hair
phenotype of the “woolly” mice (wly
mouse) has been linked to a 995-bp
deletion in fam83g (Radden et al.,
2013). Therefore, the variant in
FAM83G presented as an obvious
candidate for further analysis.
The homozygous c.C101A variant in
FAM83G was confirmed by Sanger
sequencing in both siblings, and both
parents were heterozygous carriers
(primer sequences: FAM83G-F: 50
CCGGGCTCATCAGGTCTTT 30 and
FAM83G-2R: 50 GAGCGGTCCGAC
TTCTGG 30; Figure 1b). The c.101C>A
mutation results in loss of a Cac8I re-
striction endonuclease consensus site
and segregation of the mutation with
the condition was confirmed by re-
striction fragment length polymorphism
analysis (Figure 1c). The mutation
c.C101A is predicted to change an
evolutionary conserved alanine to
glutamate (p.A34E) in the protein
FAM83G. This missense mutation was
absent from the database of Single
Nucleotide Polymorphisms (dbSNP),
ExAC, 1000 genomes, gnomAD, and
EVS. It is predicted to be deleterious to
the protein structure (Polyphen2 score
1.00, SIFT score 0.00). This residue is
conserved across vertebrates (Figure 1c)
as well as between members of the
FAM83 family of proteins. The
FAM83A-H family is characterized by
the presence of a conserved N-terminal
domain of unknown function: DUFI
669. Like the missense variant, p.A34E,
reported in this study, the missense
variant, p.R52P, underlying hereditary
footpad hyperkeratosis in dogs is also
located in the DUFI 669 domain.
FAM83G expression is specifically
enriched (>fivefold) in the skin
compared with 26 other tissue types
(Edqvist et al., 2015). FAM83G has
been implicated as a regulator of BMP
signaling (Vogt et al., 2014).
A skin biopsy obtained from one of
the siblings revealed acanthosis of the
epidermis (Figure 1e), whereas immu-
nohistochemistry demonstrated a
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marked reduction in FAM83G (Abcam
ab121750, Cambridge, UK) expression
compared with control skin (Figure 2a).
Upregulation of Ki67 (Abcam ab15580)
was evident, and keratin 14 expression
(Abcam LL001) was not restricted to the
basal layer suggesting dysregulated
proliferation.
As keratinocyte and hair growth
development has been linked to Wnt
signaling, immunohistochemical stain-
ing of b-catenin (BD Transduction Labs
610153, Oxford, UK) was performed
and increased levels of active b-catenin
were seen within cell nuclei of the pa-
tient epidermis compared with control
(Merck Millipore 05-655 Clone 8E7,
Watford, UK) (Figure 2a and b). As
nuclear translocation of b-catenin is
induced by activation of Wnt signaling
(Greco et al., 2009), FAM83G may be a
repressor of Wnt signaling and
proliferation.
To investigate the hair phenotype,
hair from one sibling and both parents
were obtained. Confocal imaging
showed membrane-bound deposits on
the outer cuticle of the hair shaft present
in the affected sibling but absent in both
parents (Figure 2b). Transmission elec-
tron microscopy revealed consistent re-
gions of poorly differentiated cuticle
cells possibly deriving from the inner
root sheath (Figure 2c). FAM83G
expression within hair follicles from the
back skin of control mice was investi-
gated. FAM83G was found to be
expressed during the anagen growth
phase (P28) (Figure 2d) and exhibited
high levels of staining intensity at the
inner root sheath and in the dermal
papilla. The expression of FAM83G
appeared to be maintained in catagen/
early telogen (P42), within the inner
root sheath (Figure 2e). FAM83G has
previously been identified as a differ-
entially expressed gene in adult mouse
hair bulge stem cells compared with
dermal papilla cells during telogen
(P56) (Greco et al., 2009).
Our findings highlight a key role for
FAM83G in the homeostasis of the
palmoplantar epidermis and hair.
Dampened Wnt/b-catenin signaling is a
feature of several common forms of hair
loss, including alopecia areata and
androgenetic alopecia. Further studies
Figure 1. A missense variant in FAM83G is associated with autosomal recessive palmoplantar keratoderma and exuberant scalp hair. (a) Two siblings
presented with diffuse palmoplantar keratoderma, displaying marked fissuring particularly affecting the soles, in combination with dystrophic toenails,
leukonychia, and thick, bushy scalp hair. (b) Homozygous C to A mutation, c.101C>A, in FAM83G identified by exome sequencing was confirmed by Sanger
sequencing. (c) Segregation of the mutation within the family was confirmed by restriction fragment length polymorphism analysis (genotypes in red). (d) The
mutation c.101A is predicted to result in the missense variant, p.A34E, in the FAM83G protein affecting an alanine residue (indicated in red) that is evolutionary
conserved across vertebrates. (e) Hematoxylin and eosin staining of affected skin reveals acanthosis.
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of FAM83G, in particular regarding its
role in hair biology and the hair cycle,
may support targeting FAM83G and
associated pathways in scalp hair
disorders.
ORCID
David P. Kelsell: http://orcid.org/0000-0002-9910-
7144
CONFLICT OF INTEREST
The authors state no conflict of interest.
ACKNOWLEDGMENTS
TM holds a MRC Clinical Research Training
fellowship (MR/K002740/1). The study was sup-
ported, in part, by the 2016 CHANEL-CERIES
research award to DPK.
Thiviyani Maruthappu1,4, Lisa
A. McGinty1,4, Diana C. Blaydon1,4,
Benjamin Fell1, Arto Ma¨a¨tta¨2,
Rebecca Duit2, Tim Hawkins2, Kristin
M. Braun1, Michael A. Simpson3, Edel
A. O’Toole1,5,* and David P. Kelsell1,5,*
1Blizard Institute, Barts and the London School
of Medicine and Dentistry, Queen Mary
University of London, London, UK;
2Department of Biosciences, Durham
University, Durham, UK; and 3Division of
Genetics and Molecular Medicine, King’s
College London, London, UK
4These authors contributed equally to this work.
5The last two authors share senior authorship.
*Corresponding author e-mail: e.a.otoole@
qmul.ac.uk or d.p.kelsell@qmul.ac.uk
REFERENCES
Betz RC, Cabral RM, Christiano AM, Sprecher E.
Unveiling the roots of monogenic genoderma-
toses: genotrichoses as a paradigm. J Invest
Dermatol 2012;132(Pt 2):906e14.
Blaydon Diana C, Etheridge Sarah L, Risk Janet M,
Hennies H-C, Gay Laura J, Carroll R, et al.
RHBDF2 mutations are associated with tylosis,
a familial esophageal cancer syndrome. Am J
Hum Genet 2012;90:340e6.
Blaydon DC, Kelsell DP. Defective channels lead
to an impaired skin barrier. J Cell Sci 2014;127:
4343e50.
Brooke MA, Nitoiu D, Kelsell DP. Cell-cell con-
nectivity: desmosomes and disease. J Pathol
2012;226:158e71.
Drogemuller M, Jagannathan V, Becker D,
Drogemuller C, Schelling C, Plassais J, et al.
A mutation in the FAM83G gene in dogs with
hereditary footpad hyperkeratosis (HFH). PLoS
Genet 2014;10:e1004370.
Edqvist P, Fagerberg L, Hallstrom B, Danielsson A,
Edlund K, Uhle´n M, et al. Expression of human
skin-specific genes defined by transcriptomics
and antibody-based profiling. J Histochem
Cytochem 2015;63:129e41.
Greco V, Chen T, Rendl M, Schober M, Pasolli HA,
Stokes N, et al. A two-step mechanism for stem
cell activation during hair regeneration. Cell
Stem Cell 2009;4:155e69.
Kelsell DP, Di W-L, Houseman MJ. Connexin
mutations in skin disease and hearing loss. Am J
Hum Genet 2001;68:559e68.
Maruthappu T, Scott CA, Kelsell DP. Discovery in
genetic skin disease: the impact of high
throughput genetic technologies. Genes
2014;5:615e34.
Radden LA IInd, Child KM, Adkins EB, Spacek DV,
Feliciano AM, King TR. The wooly mutation
(wly) on mouse chromosome 11 is associated
with a genetic defect in Fam83g. BMC Res
Notes 2013;6:189.
Sayyab S, Viluma A, Bergvall K, Brunberg E,
Jagannathan V, Leeb T, et al. Whole-genome
sequencing of a canine family Trio reveals a
FAM83G variant associated with hereditary
Figure 2. Immunohistochemical analysis of patient skin reveals a hyperproliferative phenotype with hair shaft abnormalities. (a) Patient epidermis
displays reduced FAM83G expression, marked upregulation of Ki67 and keratin 14 (K14), and increased active nuclear b-catenin expression compared with
healthy control (scale bar: 50 mm). (b) Confocal imaging of the hair shaft from the affected sibling shows membrane-bound deposits on the outer cuticle of
the hair shaft (scale bar: 25 mm). (c) Transmission electron microscopy of a cross section of the affected siblings’ hair shaft shows the regions of poorly
differentiated cells (scale bar: 4 mm). (d) FAM83G is expressed within the murine hair follicle during anagen and (e) in catagen/early telogen (scale bar: 50 mm).
DP, dermal papilla; IRS, inner root sheath.
T Maruthappu et al.
Recessive Mutation in FAM83G
Journal of Investigative Dermatology (2018), Volume 138986
footpad hyperkeratosis. G3 (Bethesda, Md)
2016;6:521e7.
Vogt J, Dingwell KS, Herhaus L, Gourlay R,
Macartney T, Campbell D, et al. Protein asso-
ciated with SMAD1 (PAWS1/FAM83G) is a
substrate for type I bone morphogenetic protein
receptors and modulates bone morphogenetic
protein signalling. Open Biol 2014;4:130210.
Wang K, Li M, Hakonarson H. ANNOVAR: func-
tional annotation of genetic variants from high-
throughput sequencing data. Nucleic Acids Res
2010;38:e164.
Large Deletions Targeting the Triple-Helical
Domain of Collagen VII Lead to Mild Acral
Dominant Dystrophic Epidermolysis Bullosa
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TO THE EDITOR
Dystrophic epidermolysis bullosa (DEB)
is a genetic blistering disorder associ-
ated with anomalies of collagen VII
(C7), which builds the anchoring fibrils
(AFs) at the dermal-epidermal junction.
More than 900 COL7A1 mutations
have been reported (accessible at
https://www.deb-central.org). However,
the pathomechanisms determining the
clinical variability have been only
partially discovered, and therapeutic
needs are still unmet. Here, we have
identified monoallelic large intragenic
COL7A1 deletions, which eliminate
parts of the triple-helical domain, as a
molecular mechanism of mild DEB,
previously unreported to our
knowledge.
In our series of 272 DEB patients
(Kern et al., 2006, 2009; van den Akker
et al., 2011), COL7A1 mutations were
found in 98.53% of patients; we failed
to find COL7A1 mutations in four pa-
tients. After patients gave written
informed consent, EDTA blood and skin
samples were obtained, and the study
was approved by the ethics committee
of the University of Freiburg. Using
multiplex ligation-dependent probe
amplification, we found monoallelic
intragenic large COL7A1 deletions in
two patients in whom Sanger
sequencing and whole-exome
sequencing had failed to identify mu-
tations. Patient 1 was an offspring of
unrelated healthy Mongolian parents.
At birth, she had skin defects on the
lower legs and was considered to have
transient bullous dermolysis of the
newborn with intraepidermal deposi-
tion of C7 and remnants of AF (Fassihi
et al., 2005). She developed acral blis-
ters, which healed with milia and scars,
and nail loss (Figure 1a). Her younger
sister was similarly affected. Patient 2
was a German man who presented with
blistering since early childhood; scars
predominantly on elbows, knees, and
lower legs; and nail loss in adulthood
(Figure 1b). He was the only affected
individual in his family.
The breakpoints of the COL7A1 de-
letions were shown by amplifications
and Sanger sequencing over the dele-
tion borders. In patient 1, the break-
points were in exon 70 and 99
(c.5794_7515del) and were predicted
to result in the in-frame deletion of 574
amino acids (p.Leu1932_Gly2505del)
(Figure 1c), corresponding to approxi-
mately one third of the collagenous
domain (Figure 1e). This deletion was
found in the patient’s sister but not in
her unaffected parents, although a low
level of mosaicism was detected in her
father, explaining the recurrence of the
mutation in the offspring. The deletion
found in patient 2 started at the exon
and intron 45 border and ended in
intron 85 (c.4600_6750þ25del)
(Figure 1d). The breakpoints on cDNA
and protein levels cannot be precisely
predicted because at least two splice
sites might be disturbed. The deletion
might include in-frame exons 45e85 or
exons 46e85. On the protein level, the
deletion eliminates almost half of the
collagenous domain and presumably
spans approximately 717 amino acids
(p.Pro1536_Glu2252del). The deletion
occurred de novo, being excluded in
both unaffected parents.
The consequences of p.Leu1932_
Gly2505del were analyzed in kerati-
nocytes and skin samples of patient 1.
COL7A1 mRNA was increased by
threefold, as was C7 abundance in cell
lysates and conditioned media of
mutant keratinocytes (Figure 1f and g).
A band corresponding to a smaller
protein was detected both in
lysates and media, showing that
C7p.Leu1932_Gly2505del is produced and
secreted together with the full-length
protein in patients’ cells. In agreement
with this, immunoreactivity for C7 was
similar in patient 1 and control skin
samples (Figure 1h). Transmission
electron microscopy showed shorter
(mean length ¼ 89.39 vs. 136.7 nm)
and fewer AFs (28 vs. 41 AFs/15 mm
lamina densa) in patient 1 compared
with normal skin (Figure 1i) (Tidman
and Eady, 1984, 1985). These results
suggest that C7p.Leu1932_Gly2505del could
assemble into AFs to be incorporated at
the dermal-epidermal junction and to
be, at least in part, functional. Based on
the observed similar phenotype in
patient 2, we have assumed that
c.4600_6750þ25del has analogous
consequences, although no skin sam-
ples of the patient were available for
verification.
To explore the functionality of trun-
cated C7 lacking large parts of the
collagenous domain, we generated two
deletion constructs by eliminating
either exons 45e85 (C7D45_85;
This work is licensed under
a Creative Commons Attri-
bution 4.0 International License. To
view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/
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